Rockefeller University Press FGF2 is exported from cells by an unconventional secretory mechanism. Here, we directly visualized individual FGF2 membrane translocation events at the plasma membrane using live cell TIRF microscopy. This process was dependent on both PI(4,5)P 2 -mediated recruitment of FGF2 at the inner leaflet and heparan sulfates capturing FGF2 at the outer plasma membrane leaflet. By simultaneous imaging of both FGF2 membrane recruitment and the appearance of FGF2 at the cell surface, we revealed the kinetics of FGF2 membrane translocation in living cells with an average duration of ∼200 ms. Furthermore, we directly demonstrated FGF2 oligomers at the inner leaflet of living cells with a FGF2 dimer being the most prominent species. We propose this dimer to represent a key intermediate in the formation of higher FGF2 oligomers that form membrane pores and put forward a kinetic model explaining the mechanism by which membrane-inserted FGF2 oligomers serve as dynamic translocation intermediates during unconventional secretion of FGF2.
Introduction
In eukaryotes, the majority of extracellular proteins is secreted through the ER/Golgi-dependent secretory pathway (Palade, 1975; Rothman, 1994; Rothman and Wieland, 1996; Schekman and Orci, 1996) . However, eukaryotic cells evolved additional mechanisms to transport proteins into the extracellular space that have collectively been termed unconventional protein secretion (Dimou and Nickel, 2018) . One of the most prominent examples for proteins secreted by unconventional means is FGF2 (Steringer and Nickel, 2018) , a cell survival factor involved in tumor-induced angiogenesis with a broad significance for malignancies of both solid and hematological cancers (Beenken and Mohammadi, 2009; Akl et al., 2016) . Following secretion from tumor cells, FGF2 exerts its biological functions by forming a ternary signaling complex with FGF high-affinity receptors and heparan sulfates on the surface of target cells. Despite exerting its biological function in the extracellular space, FGF2 lacks a signal peptide and therefore does not have access to the classical ER/Golgi-dependent secretory pathway Brough et al., 2017) . Based on biochemical reconstitution experiments and biochemical bulk measurements of FGF2 secretion from cells, the unconventional secretory mechanism of FGF2 has been shown to depend on interactions of FGF2 with ATP1A1 (Zacherl et al., 2015) , Tec kinase (Ebert et al., 2010; Steringer et al., 2012) , and the phosphoinositide PI(4,5)P 2 (Temmerman et al., 2008; Temmerman and Nickel, 2009; Steringer et al., 2012) at the inner leaflet as well as heparan sulfates at the outer leaflet (Zehe et al., 2006) . Consistently, residues in FGF2 that mediate interactions with PI(4,5)P 2 (K128, R129, and K133; Temmerman et al., 2008; Steringer et al., 2017) and heparan sulfates (K133; Zehe et al., 2006; Steringer et al., 2017) as well as the residue that is phosphorylated by Tec kinase (Y81; Ebert et al., 2010; Steringer et al., 2012) have been identified. In addition, two cysteine residues (C77 and C95) on the molecular surface of FGF2 have been demonstrated to play a critical role in PI(4,5)P 2 -dependent formation of membrane-inserted FGF2 oligomers . The latter have been shown to represent dynamic intermediates of FGF2 membrane translocation (Dimou and Nickel, 2018; Steringer and Nickel, 2018) . Recently, key steps of the core mechanism of FGF2 membrane translocation have been reconstituted using an inside-out membrane model system based on giant unilammelar vesicles with entirely purified components (Steringer et al., 2017) . Based on the combined findings summarized above, a model of FGF2 membrane translocation has been put forward in which FGF2 oligomers are assembled in a PI(4,5) P 2 -dependent manner at the inner leaflet to form membrane-spanning complexes and become disassembled by membrane proximal heparan sulfates at the cell surface Brough et al., 2017) . This model provides a compelling mechanism for directional transport of FGF2 from the cytoplasm into the extracellular space (Dimou and Nickel, 2018; Steringer and Nickel, 2018) . However, as opposed to the ER/Golgi-dependent secretory pathway that has been imaged by total internal reflection fluorescence (TIRF) microscopy in living cells (Schmoranzer et al., 2000) , the process of unconventional secretion for any type of cargo secreted in an unconventional manner has never been observed in living cells.
In this study, we have established a novel experimental system based on high-resolution TIRF microscopy that allows for quantification of single events of both FGF2 membrane recruitment at the inner leaflet and FGF2 translocation to the outer leaflet of the plasma membrane. The observed membrane translocation events were demonstrated to depend on both the phosphoinositide PI(4,5) P 2 and cell surface heparan sulfates, validating previous findings from biochemical reconstitution experiments. Furthermore, a variant form of FGF2 lacking the cis elements required for PI(4,5) P 2 binding, Tec kinase, mediated tyrosine phosphorylation as well as PI(4,5)P 2 -dependent oligomerization, and membrane insertion was neither recruited at the inner leaflet nor detectable on cell surfaces. Intriguingly, by simultaneous imaging of membrane recruitment and translocation, we directly visualized this process in real time for the first time for any type of unconventional secretion in eukaryotes on a single event basis revealing the kinetics of FGF2 membrane recruitment and translocation. Furthermore, we quantified the oligomeric state of FGF2 at the inner plasma membrane leaflet in intact cells. While both FGF2 monomers and higher FGF2 oligomers were detectable, the predominant species was found to be a FGF2 dimer. These findings directly link to recent biochemical reconstitution and molecular dynamics studies in which a FGF2 dimer was proposed to represent a key intermediate in FGF2 oligomerization and membrane insertion (Steringer et al., 2017) . Our findings establish FGF2 membrane translocation to be mediated by a two-step event of two nonoverlapping physical processes characterized by slow and fast kinetics, respectively. We propose that these steps represent (a) PI(4,5)P 2 -dependent oligomerization concomitant with membrane insertion of FGF2 and (b) binding of heparan sulfates to FGF2 at the outer leaflet. Indeed, the characteristics of the observed translocation events provided direct evidence for the disassembly of membrane-inserted FGF2 oligomers resulting in FGF2 translocation to the cell surface. With these data from intact cells combined with previous findings from biochemical reconstitution experiments, we are proposing a model for FGF2 membrane translocation with a central role of membrane-inserted FGF2 oligomers as dynamic intermediates of this process Brough et al., 2017; Dimou and Nickel, 2018; Steringer and Nickel, 2018) .
Results
Establishing an experimental system to visualize and quantify individual events of FGF2 membrane recruitment and secretion in living cells To establish an imaging system to visualize and quantify single events of FGF2 membrane recruitment and translocation to the cell surface, we studied living cells by TIRF microscopy. Stable cell lines were used that express either FGF2-GFP or GFP alone in a doxycycline-dependent manner. This allowed for titration of expression levels to establish conditions suitable for resolving recruitment of single particles of intracellular FGF2-GFP at the plasma membrane using TIRF microscopy. As shown in Fig. 1 A, individual spots of FGF2-GFP could be readily detected, suggesting association with the inner plasma membrane leaflet. By contrast, single GFP particles were only occasionally detected as defined spots in this area ( Fig. 1 A and Video 1) . This suggests that GFP in the cytoplasm moves too fast to be resolved as individual particles, resulting in a homogeneous background signal ( Fig. 1 A and Video 1). For both FGF2-GFP and GFP, the number of individual particles per surface area was quantified and plotted as a function of relative protein expression (Fig. 1 B) . This analysis revealed a linear correlation between the cellular expression level and the appearance of individual particles in the evanescent field of the TIRF setup. As expected, GFP particles were rarely observed, whereas FGF2-GFP was abundantly recruited to the plasma membrane. The data shown in Fig. 1 B were normalized by expression levels and statistically evaluated, revealing a highly significant difference between FGF2-GFP and the GFP control ( Fig. 1 C) . Beyond quantifying FGF2-GFP recruitment at the inner leaflet at the single-particle level, we also studied the mobility of FGF2-GFP at the plasma membrane (Fig. S1  A) . Individual recruitment events could be visualized (Fig. S1 A, left panel), and single particles of FGF2-GFP were followed over time ( Fig. S1 A, middle panel) . Finally, the diffusional behavior of single FGF2-GFP particles was tracked, revealing different kinds of mobility (Fig. S1 A, right panels). In conclusion, a novel experimental system was established that allows for visualizing and quantifying single events of FGF2-GFP recruitment at the plasma membrane of intact cells.
Beyond studying FGF2-GFP recruitment at the plasma membrane (Fig. 1 , A-C; and Fig. S1 A), we established a procedure to quantify individual FGF2-GFP particles at the outer leaflet, i.e., following membrane translocation into the extracellular space (Fig. 1, D-K) . Using Alexa Fluor 647-labeled anti-GFP nanobodies added to the extracellular medium, individual FGF2-GFP particles were detected on the cell surface of living cells (Fig. 1 D) . By contrast, in cells expressing GFP alone, binding of anti-GFP nanobodies to the cell surface was almost undetectable (Fig. 1 D and Video 2). This observation was corroborated by normalization and a statistical analysis, demonstrating FGF2-GFP membrane translocation across the plasma membrane to be a highly specific process (Fig. 1 E) . The extracellular localization of FGF2-GFP particles was not only defined through detection by anti-GFP nanobodies but also validated by treating cells with heparin, a heparan sulfate mimetic that elutes FGF2 from cell surface heparan sulfate proteoglycans (Florkiewicz et al., 1998; Dahl et al., 2000; Engling et al., 2002) . As shown in Fig. 1 F and Video 3 as well as quantified in Fig. 1 , G and H, the majority of FGF2-GFP particles detected by anti-GFP nanobodies on cell surfaces was removable by heparin treatment. By contrast, a mock treatment for the same incubation time revealed a stable association of FGF2-GFP with cell surfaces ( Fig. 1 G and Fig. S1 B) . As demonstrated in Fig. 1 I and quantified in Fig. 1 , J and K, the total population of FGF2-GFP detected within the evanescent TIRF field based on GFP fluorescence was Figure 1 . Establishing an experimental system to visualize and quantify individual events of FGF2 membrane recruitment at the plasma membrane and translocation to the extracellular space. (A) Single particles of FGF2-GFP were imaged in the vicinity of the plasma membrane using TIRF microscopy. Stable CHO-K1 cell lines expressing either FGF2-GFP or GFP in a doxycycline-dependent manner were used to detect GFP particles at the inner leaflet of the plasma membrane. The first frame of a time-lapse TIRF video is depicted. GFP particles were identified (circles) and quantified using the Fiji plugin TrackMate. Bar, 6 µm. (B) Single-cell analysis correlating the number of GFP particles at the inner leaflet of the plasma membrane with relative expression levels. Timelapse TIRF videos with a total of 100 frames (80 ms/frame) were analyzed. GFP particles were quantified using the Fiji plugin TrackMate. Relative expression levels were analyzed measuring total GFP fluorescence at the first frame of each image sequence. The number of GFP particles was expressed as particles per surface area (µm 2 ) and plotted as a function of the relative expression level of the corresponding cell. A minimum of 50 cells was analyzed for each protein.
(C) Quantitative comparison of FGF2-GFP versus GFP particles at the plasma membrane in living cells. TIRF videos with a total of 300 frames (80 ms/frame) were analyzed. Raw data were analyzed using the Fiji plugin TrackMate. The number of GFP particles were normalized per surface area and relative expression levels of the corresponding cell (n > 200 cells for each condition). Mean values of each condition are given in brackets. An unpaired t test was used for statistical insensitive to heparin treatment when heparin and mock-treated conditions were compared (Fig. 1, I -K; and Fig. S1 C) . This indicates that the majority of the FGF2-GFP is associated with the inner plasma membrane leaflet. In conclusion, the combined findings documented in Fig. 1 and Fig. S1 as well as in Videos 1, 2, and 3 establish a novel experimental system that allows for quantifying single events of both FGF2-GFP membrane recruitment at the inner leaflet and the appearance of secreted FGF2-GFP at the outer plasma membrane leaflet using TIRF microscopy.
FGF2-GFP membrane translocation to cell surfaces depends on membrane-proximal heparan sulfates Using the experimental system described above, we tested whether FGF2-GFP membrane recruitment at the inner leaflet and translocation to the cell surface depend on heparan sulfates (Fig. 2) . Three conditions were compared with (a) CHO-K1 WT cells, (b) CHO-K1 WT cells treated with NaClO 3 to prevent post-translational sulfation of the carbohydrate chains of heparan sulfate proteoglycans (Safaiyan et al., 1999) , and (c) CHO-745 mutant cells with a defect in xylosyltransferase I, the enzyme that catalyzes the first step of the biosynthesis of heparan sulfates as part of heparan sulfate proteoglycans (HSPGs; Esko et al., 1985) . For all three conditions, both the presence of individual FGF2-GFP particles at the inner leaflet (Fig. 2, A and B, intracellular) and FGF2-GFP particles at the cell surface (Fig. 2 , C and D, extracellular) were quantified. These studies revealed that HSPGs are not required for FGF2-GFP recruitment at the inner leaflet since treatment of CHO-K1 cells with NaClO 3 did not affect this process (Fig. 2 B) . Strikingly, in the complete absence of cell surface heparan sulfates in CHO-745 cells, the number of FGF2-GFP particles recruited to the inner plasma membrane leaflet even increased ( Fig. 2 B and Video 4), corroborating HSPG-independent recruitment of FGF2 to the plasma membrane and the nature of membrane-inserted forms of FGF2 as intermediates in membrane translocation to the cell surface. By contrast to membrane recruitment, FGF2-GFP membrane translocation to the cell surface was severely impaired when functional HSPGs were missing through either NaClO 3 treatment of CHO-K1 cells or the use of CHO-745 mutant cells (Fig. 2, C and D) , demonstrating HSPGs to be essential for the completion of FGF2-GFP membrane translocation into the extracellular space. In conclusion, the combined findings shown in Fig. 2 and Video 4 establish that cell surface HSPGs are not required for FGF2 recruitment at the inner leaflet in intact cells but are critical for membrane translocation as the final step of unconventional secretion of FGF2.
FGF2-GFP membrane recruitment and translocation depend on the ability of FGF2 to interact with PI(4,5)P 2 Beyond heparan sulfate proteoglycans (Fig. 2) , we analyzed a role for PI(4,5)P 2 in FGF2 membrane translocation (Fig. 3) . First, we used the polybasic antibiotic neomycin that is known to block interactions of proteins with phosphoinositides (Arbuzova et al., 2000; Kwik et al., 2003; Temmerman et al., 2008) . As shown in Fig. 3 (A and B) , neomycin efficiently inhibited FGF2-GFP recruitment to the inner plasma membrane leaflet. Consistently, when we probed for FGF2-GFP particles on cell surfaces using anti-GFP nanobodies labeled with Alexa Fluor 647, we found FGF2-GFP translocation to the cell surface to be severely impaired by neomycin in a concentration-dependent manner (Fig. 3, C and D) . As a second approach, we analyzed a FGF2 variant form termed FGF2-mt (FGF2-C77,95A/Y81F/KRK128,129,133QQQ) that we have previously demonstrated to be defective in both binding to PI(4,5)P 2 and transport into the extracellular space using biochemical bulk secretion experiments (Temmerman et al., 2008; Temmerman and Nickel, 2009; Ebert et al., 2010; Müller et al., 2015) . As shown in Fig. 3 E, membrane recruitment of FGF2-mt-GFP particles was markedly reduced when FGF2-mt-GFP was compared with the WT form of FGF2-GFP. Likewise, FGF2-mt-GFP was severely impaired in membrane translocation to the cell surface (Fig. 3 F) . When compared with GFP alone as a negative control, both membrane recruitment and translocation to the cell surface of FGF2-mt-GFP were found to be close to background levels. In conclusion, the experiments shown in Figs. 2 and 3 demonstrate that individual events of membrane recruitment and translocation to the cell analysis (****, P < 0.0001). (D) CHO-K1 cells were induced with doxycycline to express FGF2-GFP or GFP for 24 h and incubated on ice for 30 min with Alexa Fluor 647-labeled anti-GFP nanobodies. Following fixation of cells, secreted FGF2-GFP bound to HSPGs on cell surfaces was imaged using both wide-field and TIRF microscopy for GFP and Alexa Fluor 647, respectively. Bar, 10 µm. (E) Quantification of single particles of FGF2-GFP and GFP at the outer leaflet of the plasma membrane using fluorescent anti-GFP nanobodies as described in D. Single particles detected per cell (n > 190) were analyzed using the Fiji plugin TrackMate. The mean values of each condition are shown in brackets with FGF2-GFP set to 1. An unpaired t test was used for statistical analysis (****, P < 0.0001). (F) Cells were induced for 24 h to express FGF2-GFP and labeled with fluorescent anti-GFP nanobodies for 30 min on ice. TIRF videos were acquired with frames of 20 s. After 40 s of image acquisition, heparin (1 mg/ml) was added. Representative images from the beginning and the end of the acquired videos are shown. Bar, 6 µm. (G) Quantification of nanobodies detected per frame for videos acquired as described in F. Three videos were analyzed per condition using the TrackMate Fiji plugin. The dotted line indicates the time point of heparin addition. The plotted data represent mean values ± SEM. (H) CHO-K1 cells induced to express FGF2-GFP with doxycycline for 24 h were treated with heparin (1 mg/ml) for 10 min or left untreated as a control. Cells were labeled with fluorescent anti-GFP nanobodies and fixed. TIRF images were acquired and analyzed using TrackMate for quantification of FGF2-GFP on cell surfaces (n > 300 cells per condition).
The mean values of each condition are shown in brackets with FGF2-GFP set to 1. An unpaired t test was used for statistical analysis (****, P < 0.0001). (I) CHO-K1 cells were cultivated under conditions of low levels of FGF2-GFP expression that allow for single particle detection based on GFP fluorescence. TIRF videos were acquired with frames of 20 s, and heparin (1 mg/ml) was added 40 s after the start of data acquisition. Representative images from the beginning and the end of the acquired videos are shown, depicting GFP particles at the inner leaflet of the plasma membrane (circles) before and after addition of heparin. Bar, 6 µm. (J) Quantification of GFP particles detected per frame for videos acquired as described in I. Three videos were analyzed per condition using the TrackMate Fiji plugin. The plotted data represent mean values ± SEM. (K) CHO-K1 cells were induced to express FGF2-GFP in low levels that allow for single particle detection. TIRF videos (80 ms/frame) were acquired before and after addition of heparin (1 mg/ml) for at least 10 min. The GFP particles at the inner plasma membrane leaflet were quantified using the Fiji plugin TrackMate. For each condition, 50 frames were analyzed (n > 200 cells per condition). The mean values of each condition are shown in brackets with FGF2-GFP set to 1. An unpaired t test was used for statistical analysis. ns, not significant. surface in intact cells depend on PI(4,5)P 2 at the inner leaflet as well as membrane proximal heparan sulfates at the outer leaflet as demonstrated by live-cell TIRF microscopy.
Direct visualization of individual events of FGF2 membrane translocation to the cell surface of living cells Using the experimental system described above, the key aim of this study was to visualize individual secretion events of FGF2 in intact cells. In particular, we intended to image FGF2 membrane recruitment and translocation simultaneously, capturing FGF2-GFP at the inner leaflet at specific spots and following it up in space and time until translocation into the extracellular space occurred. With time point zero being defined by the appearance of FGF2-GFP at the inner leaflet, we followed their fate over time by simultaneous imaging of both GFP fluorescence and Alexa Fluor 647 fluorescence derived from anti-GFP nanobodies in the cell Figure 2 . Unconventional secretion of FGF2-GFP depends on cell surface heparan sulfate proteoglycans. (A) Individual FGF2-GFP particles at the inner plasma membrane leaflet were imaged based on GFP fluorescence using TIRF microscopy as described in the legend to Fig. 1 and in Materials and methods. This analysis included CHO-K1 WT cells (control; a), CHO-K1 WT cells treated with 50 mM NaClO 3 to inhibit post-translational sulfation (b), and CHO-745 mutant cells that express only the core protein without heparan sulfate chains (c). For each condition indicated, the first frame of TIRF videos is shown. Individual particles were identified using the TrackMate Fiji plugin (circles). Bar, 10 µm. (B) Quantification of FGF2-GFP particles at the inner plasma membrane leaflet under the conditions shown in A. TIRF videos of 300 frames (80 ms/frame) were analyzed using the plugin TrackMate (n > 70 cells per condition). The mean values of each condition are shown in brackets with FGF2-GFP set to 1. The statistical analysis was based on a one-way ANO VA test combined with Tukey's post hoc test (ns, P ≥ 0.05; ***, P ≤ 0.001). (C) Individual FGF2-GFP particles on cell surfaces were imaged using fluorescent anti-GFP nanobodies. This analysis was done under the same experimental conditions shown in A. Cells were induced to express FGF2-GFP for 24 h followed by incubation with Alexa Fluor 647-labeled anti-GFP nanobodies for 30 min on ice. Cells were fixed, and images were acquired using both wide-field (GFP fluorescence) and TIRF microscopy (FGF2-GFP cell surface population). Bar, 10 µm. (D) Quantification of individual FGF2-GFP particles on cell surfaces under the conditions described in the legend to C. Data were processed using the Fiji plugin TrackMate (n > 144 cells per condition). For each condition, the mean value is shown in brackets with FGF2-GFP set to 1. The statistical analysis was based on a one-way ANO VA test combined with Tukey's post hoc test (***, P ≤ 0.001).
Figure 3. FGF2 membrane recruitment and translocation to cell surfaces depend on interactions of FGF2 with PI(4,5)P 2 at the inner leaflet. (A) CHO-K1 cells were imaged expressing FGF2-GFP at low levels to allow for single particle detection. Where indicated, cells were treated for 3 h with 10 mM neomycin. Single FGF2-GFP particles were identified at the inner plasma membrane leaflet (red circles). The first frames of TIRF videos are shown. Bar, 6 µm. (B) Quantification of FGF2-GFP recruitment at the inner leaflet of the plasma membrane under the conditions shown in A. TIRF videos of CHO-K1 cells expressing FGF2-GFP were acquired (300 frames; 80 ms/frame). The number of GFP particles at the inner plasma membrane leaflet was quantified using the Fiji plugin TrackMate (n > 95 cells per condition). The mean value of FGF2-GFP particles for each condition is given in brackets with the control set to 1. The statistical analysis was based on a one-way ANO VA test combined with Tukey's post hoc test (***, P ≤ 0.001). (C) Identification of single FGF2-GFP particles at the outer plasma membrane leaflet. CHO-K1 cells expressing FGF2-GFP were cultivated in the presence or absence of 5 mM neomycin as indicated. Following incubation culture medium, the latter capturing FGF2-GFP upon appearance at the cell surface. Thus, individual translocation events were defined as a sequence of the appearance of FGF2-GFP at a specific spot at the inner leaflet followed by anti-GFP nanobody recruitment at the outer leaflet at the very same position. Individual events of FGF2 membrane translocation were detected such as the example given in Fig. 4 A and Video 5. As shown in the bar histogram of Fig. 4 B, by plotting fluorescence intensity as a function of time, sequential steps of recruitment and translocation of FGF2-GFP could be monitored. Based on this setup, the time intervals between membrane recruitment and the appearance of FGF2-GFP at the cell surface were measured for 95 individual events of FGF2-GFP secretion from living cells. Most translocation events occurred within a time range of less than 100 to 200 ms (Fig. 4 C) with an average value of less than 200 ms (Fig. 4 D) . Following translocation, nanobody fluorescence disappeared again within a relatively constant time span of ∼50 ms (Fig. 4, E and F; and Fig. S2 ). This indicates that, following translocation of FGF2-GFP to HSPGs on the cell surface, physical complexes of FGF2-GFP and anti-GFP nanobodies redistribute across heparan sulfate chains, resulting in intercellular spreading of FGF2-GFP (Zehe et al., 2006; Duchesne et al., 2012) . Thus, following a successful membrane translocation event, nanobody fluorescence is lost at these sites as individual FGF2-GFP/anti-FGF2-GFP nanobody complexes are exchanged between cells. However, in most cases, even after the disappearance of nanobody fluorescence, sites of FGF2 membrane translocation remained positive for GFP fluorescence for extended amounts of time of up to 800 ms (Fig. 4 F and Fig. S2 A) . We propose these GFP signals to be derived from oligomeric species of FGF2-GFP within the plasma membrane that serve as membrane spanning intermediates of FGF2 membrane translocation (model, Fig. 5 I) . In some cases, at a specific site of the plasma membrane, even two sequential events of nanobody binding and dissociation could be observed with continuous GFP fluorescence being detected at the original site of FGF2-GFP membrane recruitment (Fig. S2 B) . This observation suggests that membrane translocation of FGF2-GFP molecules into the extracellular space can occur repeatedly from one specific site in the plasma membrane, again pointing at a role for membrane-inserted FGF2-GFP oligomers as dynamic intermediates of this process. These findings are consistent with previously published biochemical reconstitution experiments (Steringer et al., 2012 (Steringer et al., , 2017 Müller et al., 2015) , suggesting that heparan sulfates disassemble membrane-inserted FGF2 oligomers at the outer leaflet, causing the release of FGF2-GFP units into the extracellular space.
Estimating characteristic times of FGF2 membrane translocation events using stochastic modeling To gain further insight into the unconventional secretory mechanism of FGF2, we measured the kinetics of FGF2 membrane translocation, i.e., the time required for FGF2-GFP to physically cross the plasma membrane. Based on the experimental design used in this study, these measurements precisely determined the time intervals between FGF2-GFP membrane recruitment at the inner leaflet and FGF2-GFP appearance at the outer leaflet based on FGF2-GFP detection by extracellular anti-GFP nanobodies. To make sure that our measurements were not limited by the time required for nanobody binding to FGF2-GFP, we first constructed a simple model governing the diffusion of nanobodies in the extracellular environment (see Materials and methods). Information was extracted on the time it takes for the nearest nanobody to reach an FGF2-GFP molecule on membrane-proximal heparan sulfates. With the nanobodies used at a final concentration of 5 nM and considering their small size with a diameter of ∼5 nm, the average time for the nearest nanobody to reach a translocation site through Brownian motion was found to be <1 ms. Taking into account the meshwork of matrix proteins on cell surfaces that may cause limitations in the accessibility of FGF2-GFP by anti-GFP nanobodies, we preincubated cells with anti-GFP nanobodies to allow for their equilibration and homogenous distribution within the protein meshwork on cell surfaces. Since the kinetics of nanobody binding to FGF2-GFP were calculated to be at least two orders of magnitude faster than the observed timescales of FGF2-GFP membrane translocation, the time interval measurements for capturing of FGF2-GFP by anti-GFP nanobodies accurately reflect the kinetics of FGF2 membrane translocation in intact cells. To analyze the considerable range of values between <100 to 800 ms (Fig. 4, C and D) , we used the so-called Poisson process as a model for the distribution of waiting time values. It assumes that the waiting time between each pair of binding events follows a single-exponential probability density. Its form is defined by the mean waiting time (inverse binding rate). We also considered a more complex model in which FGF2
for 24 h in the presence of doxycycline to induce FGF2-GFP expression, intact cells were stained for FGF2-GFP on cell surfaces using anti-GFP nanobodies coupled to Alexa Fluor 647. Afterward, cells were fixed and imaged using both wide-field (green channel) and TIRF microscopy (red channel), the latter identifying single FGF2-GFP particles on cell surfaces. Bar, 6 µm. (D) Quantification of single FGF2-GFP particles on cell surfaces under the conditions shown in C including a titration of neomycin at 2, 5, and 10 mM. Raw data were analyzed using the Fiji plugin TrackMate (n > 108 cells per condition). The mean value of FGF2-GFP particles on cell surfaces for each condition is given in brackets with the control set to 1. The statistical analysis was based on a one-way ANO VA test combined with Tukey's post hoc test (****, P ≤ 0.0001). (E) CHO-K1 cells were induced to express either FGF2-GFP, FGF2mt-GFP, a secretion deficient variant form of FGF2-GFP (C77/95A, Y81F; KRK128/129/133QQQ), or GFP at levels that allow for single-particle detection at the inner plasma membrane leaflet. Time series of 300 frames (80 ms/frame) were acquired, and for each condition, single particles were identified and quantified. The first frames of TIRF videos are displayed. (Bar, 6 µm). The mean value of FGF2-GFP particles at the inner leaflet for each condition is given in brackets with the control set to 1. The statistical analysis was based on a one-way ANO VA test combined with Tukey's post hoc test (***, P ≤ 0.001). (F) CHO-K1 cells were induced for 24 h with doxycycline to express either FGF2-GFP, FGF2mt-GFP, a secretion-deficient variant form of FGF2-GFP (C77/95A, Y81F; KRK128/129/133QQQ), or GFP. Intact cells were stained for FGF2-GFP on cell surfaces using anti-GFP nanobodies coupled to Alexa Fluor 647. Afterward, cells were fixed and imaged using both wide-field (green channel) and TIRF microscopy (red channel), the latter identifying single FGF2-GFP particles on cell surfaces (bar, 6 µm). The number of single particles on cell surfaces was analyzed using the Fiji plugin TrackMate (n > 95 cells per condition). The mean value for each condition is displayed in brackets with the WT form of FGF2-GFP set to 1. The statistical analysis was based on a one-way ANO VA test combined with Tukey's post hoc test (***, P ≤ 0.001).
membrane translocation events are composed of two sequential exponential processes. Probability plots were used to test these two hypotheses against the measured waiting time data (Fig. 4, G and H). The probability plot shows the ordered values of the measured data versus theoretical quantiles predicted by the proposed stochastic model (Millar, 2011) . If a sample is indeed the (G and H) Probability plots used to test whether one-or two-step exponential processes fit the time intervals measured between FGF2-GFP recruitment at the inner leaflet and the appearance of single FGF2-GFP molecules at the outer plasma membrane leaflet as detected by binding of anti-GFP nanobodies. Black dots correspond to measured data. The blue dots are the outcome of stochastic simulations with the hypothesized probability distribution for each case.
outcome of a given stochastic process, it will appear on the diagonal line y = x in the corresponding probability plot. In addition to the empirical data, the outcome of 200 stochastic simulations of the one-and two-step processes, respectively, was added to the probability plots (blue dots in Fig. 4 , G and H). These points define envelopes that mark regions of good fit. The probability plots of Fig. 4 , G and H, reveal that both one-and two-step processes seem to be good fits to the measured waiting times; however, the two-step process with a slope of 1.01 and a smaller y-intercept is a significantly better model. The average waiting time for the onestep process is 186 ms, which simply coincides with the average of the measured data. However, the two-step process divides the time interval into two distinguishable waiting times with average values of 156 ms and 30 ms. To further demonstrate the advantage of the two-step model over its one-step counterpart, we also performed the two-tailed Kolmogorov-Smirnov test for goodness of fit in each case and compared the resulting P values (note in this specific test, the higher the P value, the better the goodness of fit; Stephens, 1974) . For the one-step process, the KolmogorovSmirnov test results in the P value of 0.0004. By contrast, the two-step process yields a significantly higher P value of 0.025, demonstrating a better fit of the experimental observations to the simulated data. Thus, the two-step process is statistically preferable to the one-step process. Our results further suggest the kinetics of FGF2 membrane translocation events to consist of a slow and a fast physical process with characteristic time intervals of 156 and 30 ms, respectively. However, due to the symmetry of the occurrence of these two events in the proposed two-step model, the sequence in which they occur cannot be determined.
Determination of the oligomeric state of FGF2-GFP at the inner plasma membrane leaflet in intact cells Based on the observations discussed above, we further aimed at determining the oligomeric size distribution of FGF2-GFP at the inner leaflet of the plasma membrane in intact CHO-K1 (WT) and CHO-745 mutant cells (Fig. 5) . As detailed in Materials and methods, two independent techniques with (a) a ratiometric analysis (Coffman and Wu, 2012) and (b) a brightness analysis (Schmidt et al., 1996) were used to correlate the fluorescent intensity of individual FGF2- GFP particles with the number of FGF2-GFP subunits they contain (Ulbrich and Isacoff, 2007; Coffman and Wu, 2012; Subburaj et al., 2015a,b) . For the ratiometric approach (Fig. 5, A-D) , FGF2 was fused to superfolder GFP (sfGFP), which is a fast-maturing monomeric variant of EGFP. The theoretical value of a single particle of sfGFP was calculated as the slope of a calibration curve that was obtained from defined standard oligomers of sfGFP containing 12, 24, and 60 subunits, respectively (Fig. 5 D) . In Fig. 5 (A and B) , the distribution of the intensity, in molecular units, of individual particles of FGF2-sfGFP is shown for CHO WT and CHO-745 cells. The molecularity of FGF2-sfGFP particles was calculated based on the ratio of fluorescence intensity of FGF2-sfGFP particles and a unit of sfGFP. The average oligomeric size of FGF2-sfGFP particles was found to be 1.75 ± 0.45 in CHO-K1 cells and 2.2 ± 0.53 in CHO-745 mutant cells (Fig. 5 C) . This analysis was validated in CHO-745 cells by calculating the oligomeric state of FGF2-monomeric GFP (mGFP; containing a single-point amino acid substitution preventing GFP-induced oligomerization [mGFP = EGFP-A206K]), based on a brightness comparison to defined mGFP monomers (Subburaj et al., 2015a; Fig. 5, E and F) . Fig. 5 E displays the distribution of the fluorescence of individual particles of FGF2-mGFP and its fitting to multiple Gaussians, in which each individual curve corresponds to a particle population of different stoichiometry (1-, 2-, 3-, and 4-mers). The area under each curve obtained by the fitting was used to calculate the occurrence of each species. This value was further corrected taking into account that only 70% of mGFPs are fluorescent (Fig. 5 F) , as previously described (Ulbrich and Isacoff, 2007; Subburaj et al., 2015b) . While FGF2-mGFP monomers and higher oligomers were detectable, this analysis revealed ∼70% of the total population of FGF2-mGFP particles at the inner plasma membrane leaflet to be represented by dimers. Since FGF2-mGFP monomers were also detectable, we propose that FGF2-mGFP gets recruited at the inner leaflet as a monomer followed by rapid dimerization. Finally, the existence of FGF2-GFP dimers at the plasma membrane was validated by step-wise photobleaching experiments (Ulbrich and Isacoff, 2007) using cells that were gently permeabilized to remove cytosolic FGF2-mGFP. While imaging individual FGF2-mGFP-positive spots, we indeed found evidence for the presence of FGF2-mGFP dimers based on a characteristic two-step bleaching behavior indicating the presence of two mGFP molecules in the same spot (Fig. 5, G and H) .
A key role for PI(4,5)P 2 -induced FGF2 dimers as intermediates in unconventional secretion of FGF2 from intact cells has indeed been predicted by molecular dynamics simulations (Steringer et al., 2017) . However, while dimers, trimers, and tetramers could be observed in intact cells in the current study, an accumulation of higher oligomers of FGF2-mGFP could be detected neither in CHO WT nor in HSPG-deficient CHO mutant cells. On the one hand, based on these findings, one may conclude that FGF2 dimers as the most abundant species may represent the translocation intermediates in intact cells. On the other hand, a rich body of evidence derived from biochemical reconstitution experiments suggests FGF2 oligomers with 8-12 subunits to represent the key intermediates of FGF2 membrane translocation (Steringer et al., 2012 (Steringer et al., , 2017 Müller et al., 2015) . These results were further supported by cell-based secretion experiments demonstrating higher oligomers to be required for FGF2 transport into the extracellular space ). Yet the current study did not detect higher FGF2 oligomers with 8-12 subunits in intact cells. It is possible that limitations of our experimental setup prevent the detection of higher FGF2 oligomers that have been proposed to be highly dynamic and transient in nature. Furthermore, FGF2 secretion is a relatively infrequent process that does not lead to the massive secretion of FGF2 from cells. Therefore, oligomeric intermediates of FGF2 membrane translocation might represent rare species in intact cells that are difficult to detect. Thus, the majority of FGF2 dimers and trimers identified in this study may represent only precursors of the true translocation intermediates. In any case, beyond the reconstitution studies mentioned above, the identification of the oligomeric state of the functional intermediates of FGF2 membrane translocation in intact cells remains a key challenge for future studies on the molecular mechanism of the unconventional secretory pathway of FGF2.
Discussion
In summary, using live cell TIRF microscopy to image single events of FGF2 membrane translocation, we kinetically dissected the unconventional secretory pathway of FGF2 into two discrete steps of FGF2 membrane recruitment and translocation in intact cells (Fig. 5 I) . The current study further provides a detailed kinetic analysis of FGF2 membrane translocation, revealing this process to be extremely fast with an average time interval of less than 200 ms between FGF2 membrane recruitment at the inner leaflet and FGF2 appearance in the extracellular space. To the best of our knowledge, corresponding data on other types of protein translocation across membranes such as protein import into peroxisomes and mitochondria as well as post-translational transport into the ER do not exist in the literature. When comparing FGF2 membrane translocation with cotranslational protein translocation into the ER, the latter is relatively slow since it is limited by the rate of translation with ∼6 amino acids incorporated into nascent polypeptides per second (Ingolia et al., 2011) . In addition, following translocation into the ER, it takes 30-60 min for classical secretory proteins to travel along the ER/Golgidependent pathway until they reach the extracellular space (Matlin and Simons, 1983; Rivera et al., 2000; Boncompain et al., 2012) . Thus, mediated by direct translocation across the plasma membrane, unconventional secretion of FGF2 is orders of magnitude faster than ER/Golgi-dependent protein secretion. The kinetics of FGF2 membrane translocation are actually similar to what has been reported for another type of protein translocation across membranes, nucleocytoplasmic transport. Here, based on single-molecule studies, the average time required for a protein to pass through the nuclear pore is in the range of ∼10 ms (Yang et al., 2004; Ma and Yang, 2010; Goryaynov et al., 2012) . Thus, although unconventional secretion of FGF2 and protein transport across nuclear pores are mediated by mechanistically distinct processes, FGF2 membrane translocation occurs within a time range that is close to the fastest membrane translocation event reported in the currently available literature.
In conclusion, beyond the unprecedented demonstration of single events of FGF2 membrane translocation in intact cells and the kinetic analysis discussed above, our findings provide direct support for the assembly/disassembly hypothesis of FGF2 membrane translocation in living cells Brough et al., 2017; Steringer and Nickel, 2018) . The unconventional secretory pathway of FGF2 as a whole can be described in three steps with (a) PI(4,5)P 2 -dependent membrane recruitment, (b) PI(4,5)P 2 -induced oligomerization concomitant with membrane insertion, and (c) disassembly by heparan sulfates at the outer leaflet, resulting in FGF2 appearance on the cell surface (Fig. 5 I) . As we used TIRF microscopy, we could specifically visualize events of FGF2 membrane recruitment at the inner leaflet of the plasma membrane. From this point on, we measured the time intervals until FGF2 appeared on the cell surface, a process referred to as FGF2 membrane translocation. Based on mathematic modeling, FGF2 translocation across the plasma membrane was found to consist of two nonoverlapping physical processes that occur after successful membrane recruitment of FGF2 at the inner leaflet. They mediate the physical passage of FGF2 across the plasma membrane, after which FGF2 becomes detectable at the outer leaflet by binding to fluorescent nanobodies. These two steps of FGF2 membrane translocation differ in terms of the length of their time intervals with a slow and a fast component. As illustrated in Fig. 5 I, we propose the slow process to represent PI(4,5)P 2 -dependent FGF2 oligomerization concomitant with membrane insertion as previously identified in biochemical reconstitution experiments (Steringer et al., 2012 (Steringer et al., , 2017 Müller et al., 2015) . We further suggest the fast process to represent disassembly of membrane-inserted FGF2 oligomers at the outer leaflet, mediated by cell surface heparan sulfates (Fig. 5 I) . Thus, based on live cell imaging experiments and in combination with previously published biochemical reconstitution experiments (Steringer et al., 2017) , a compelling explanation of how FGF2 can physically traverse the plasma membrane as part of its unconventional mechanism of secretion has been established.
Materials and methods

Chemicals
All chemicals used in this study were purchased from SigmaAldrich, unless stated otherwise.
Maintenance of cell lines CHO K1 and 745 mutant cells were cultured using MEM-α medium supplemented with 10% FCS (Biochrom AG) and 2 mM glutamine at 37°C in the presence of 5% CO 2 . Human embryonic kidney EcoPack 2-293 cells (Clontech) were cultivated in collagen-coated (Collagen R; Serva Electrophoresis) plates in DMEM, supplemented with 10% FCS at 37°C in the presence of 5% CO 2 . Both cell lines were maintained in the presence of 100 IU/ml penicillin and 100 µg/ml streptomycin. The expression of proteins in CHO cells was induced at different concentrations (up to 1 µg/ml) of doxycycline (Clontech).
Generation of stable cell lines
To generate stable cell lines expressing various forms of FGF2-GFP fusion protein, a retroviral transduction system based on the Moloney Murine Leukemia Virus was used as described previously (Engling et al., 2002) . In brief, a human embryonic kidney 293 cell line was employed for production of virus, having the pVPack-Eco packaging system integrated in its genome and stably expressing the retroviral packaging proteins (EcoPack 2-293 cells). The gene of interest was cloned into the pRevTre2 vector, containing a Tet-response element. Retrovirus production was performed using the MBS Mammalian Transfection Kit (Agilent Technologies). As target cell lines, both CHO WT and CHO-745 mutant cells were used that constitutively expressed the murine cationic amino acid transporter MCAT-1 (Albritton et al., 1989) and a Tet-On transactivator, rtTA2-M2 (Urlinger et al., 2000) . This allowed for doxycycline dependent titration of protein expression (Engling et al., 2002) . Cells positive for GFP fluorescence were selected in three consecutive rounds of FACS, using a FAC SAria flow cytometer (BD Biosciences). Cell lines expressing FGF2-GFP (CHO-K1 and CHO-745), FGF2-mt-GFP (C77A/Y81F/ C95A/K127Q/R128Q/K133Q; CHO-K1), and GFP (CHO-K1) were generated. Furthermore, CHO-K1 and -745 cell lines expressing FGF2 as a fusion protein with sfGFP or mGFP were generated and used for the determination of the oligomeric state of FGF2 at the plasma membrane. These variant forms of GFP are strictly monomeric and, therefore, artifacts from GFP-induced oligomerization of FGF2 could be excluded (Zacharias et al., 2002; Pédelacq et al., 2006) .
Preparation of labeled nanobodies
GST-tagged anti-GFP nanobodies were purified using GSH-agarose. The nanobodies were eluted by incubation with 1 mg/ml 3C protease (Molox) at 6°C overnight to remove the GST tag. The resulting nanobody solution was concentrated (1 mg/ml), and the buffer was exchanged to 0.1 M NaHCO 3 (pH 8.3). For labeling of nanobodies, an Alexa Fluor 647 succinimidyl ester was added at a tenfold molar excess. The mixture was incubated for 2 h at 25°C. Afterward, the solution was supplemented with 1 M Tris/HCl, pH 9.0 (10% [vol/vol] ), to quench the reaction. Free dyes were removed by using desalting spin columns. The labeled nanobody preparation was stored in PBS/NaN 3 at 4°C.
Preparation of standards for the analysis of the oligomeric state of FGF2-GFP variants sfGFP standard oligomers with 12, 24, and 60 subunits, respectively, were purified as reported previously (Hsia et al., 2016) and used in the ratiometric approach for building the calibration curve (Fig. 5, A-D) . Purified proteins were spread on piranha-cleaned glass slides (0.13-0.16-mm thickness; Menzel) at appropriate dilutions, and the samples were imaged immediately. In the brightness analysis approach (Fig. 5, E and F) , mGFP (EGFP-A206K) obtained from a lysate of cells transfected with a vector only encoding mGFP was used for calibration. Briefly, transfected cells were harvested by trypsinization and collected by centrifugation. The sediment was resuspended in lysis buffer (RIPA) with protease inhibitors and cleared by centrifugation. Appropriate dilutions of the supernatant were spread onto piranha-cleaned glasses blocked with 10 mg/ml bovine serum albumin. After incubation for 20 min, samples were washed with PBS and imaged immediately.
Staining of FGF2-GFP on cell surfaces using fluorescently labeled anti-GFP nanobodies CHO-K1 and CHO-745 cells were plated in eight-well Lab-Tek chambers (Thermo Fisher Scientific) and treated with 1 µg/ml doxycycline to induce protein expression. After 24 h, the medium was removed and the cells were rinsed once with Live Cell Imaging Solution (Thermo Fisher Scientific). Cells were incubated on ice with Alexa Fluor 647-labeled anti-GFP nanobodies (∼0.5 ng/ml) for 30 min. Afterward, they were rinsed three times with Live Cell Imaging Solution and fixed with 4% PFA (Electron Microscopy Sciences).
Dual-color imaging of FGF2 translocation across the plasma membrane CHO-K1 cells were cultivated in eight-well Lab-Tek chambers (Thermo Fisher Scientific) in the absence of doxycycline to quantify total FGF2-GFP particles at low expression levels. 24 h later, the medium was removed and the cells were rinsed once with Live Cell Imaging Solution (Thermo Fisher Scientific). Cells were incubated with anti-GFP nanobodies (5 nM) in Live Cell Imaging Solution. TIRF videos were acquired at 37°C as described below.
Removal of FGF2-GFP from cell surfaces using heparin Cells were seeded in eight-well Lab-Tek chambers in the presence of doxycycline (1 µg/ml). After 24 h, the cells were rinsed once with Live Cell Imaging Solution and then incubated for 10 min at room temperature with 500 µg/ml heparin. Afterward, FGF2-GFP on cell surfaces was stained with Alexa Fluor 647-labeled anti-GFP nanobodies followed by cell fixation with 4% PFA (Electron Microscopy Sciences).
To control FGF2-GFP particles before and after treatment with heparin, cells were seeded and cultivated in Lab-Tek chambers for 24 h in medium followed by its replacement by Live Cell Imaging Solution. Cells were treated for at least 10 min with heparin. Time-lapse videos were acquired from both heparin-treated and untreated cells.
For live cell imaging experiments, cells expressing FGF2-GFP were either cultivated in the absence of doxycycline to quantify total FGF2-GFP particles at low expression levels or induced with doxycycline to generate higher expression levels to allow for labeling of the FGF2-GFP cell surface population (incubation for 15 min with 0.5 ng/ml Alexa Fluor 647-labeled anti-GFP nanobodies at room temperature). TIRF videos were acquired with 20 s per frame. After 40 s following the start of data acquisition, heparin (1 mg/ml in Live Cell Imaging Solution) or Live Cell Imaging Solution (as control) was added.
Treatment of cells with inhibitors
To block sulfation of sugar chains of cell surface proteoglycans, cells were treated with NaClO 3 for 48-72 h. Cells were seeded and cultivated in six-well plates in the presence of 50 mM NaClO 3 . About 12 h before live cell imaging experiments, cells were detached with trypsin and seeded in eight-well Lab-Tek chambers in medium supplemented with 50 mM NaClO 3 . FGF2-GFP on cell surfaces was analyzed from cells induced with doxycycline (1 µg/ ml) for 24 h using Alexa Fluor 647-labeled anti-GFP nanobodies.
To inhibit the interaction of FGF2-GFP with PI(4,5)P 2 , neomycin was used. Cells were seeded in eight-well Lab-Tek chambers the day before the experiment. When secretion of FGF2-GFP was quantified using Alexa Fluor 647-labeled anti-GFP nanobody staining, doxycycline (1 µg/ml) and neomycin (2, 5, or 10 mM) were added 24 h before the experiment. Cell were stained, fixed, and imaged as described above. For quantification of GFP particles interacting with the inner leaflet of the plasma membrane, the cells were treated with 10 mM of neomycin for 3-4 h in the absence of doxycycline.
Optical setup
Single-particle nanoscopy analyzing membrane recruitment of FGF2-GFP to the inner plasma membrane leaflet was conducted with a custom-built microscope (Winterflood et al., 2015) . Briefly, a 473-nm laser (100 mW; Laserglow Technologies) and a 643-nm laser (150 mW; Toptica Photonics) were focused onto the back-focal plane of a TIRF objective (NA, 1.49; 60×; Olympus) for highly inclined plane illumination. A quad-edge dichroic beamsplitter (405/488/561/635 nm; Semrock) was used to separate fluorescence emission from excitation light. Emission light was filtered by a quad-band bandpass filter (446/523/600/677 nm; Semrock) and focused by a 500-mm tubus lens onto the chip of a backilluminated electron-multiplying charge-coupled device camera (Evolve; Photometrics) that was water-cooled to −85°C. Images were acquired with MicroManager (Edelstein et al., 2010) . For live cell imaging, the temperature was stabilized to 35°C with a proportional-integral controller by heating the bottom plate of the encapsulated microscope.
Wide-field fluorescence and some of the TIRF imaging were performed using an Olympus IX81 xCellence CellTIRF microscope equipped with a 100× 1.4 NA oil objective lens (Olympus) and an ImagEM (C9100-13) camera (Hamamatsu). GFP fluorescence and Alexa Fluor 647 fluorescence were excited with a 100-mW/488-nm and a 140-mW/640-nm diode laser, respectively (Olympus).
Dual-color imaging was performed using a Vutara 352 microscope (Bruker Nano, Inc.) based on the single particle localization technology. A 60× 1.49 NA oil objective (Olympus) and a Flash 4.0 sCMOS camera (Hamanatsu) with a frame rate of 50 Hz were used. GFP fluorescence and Alexa Fluor 647 fluorescence were excited using the 488-nm and 639-nm laser lines, respectively. Emission signals were separated spectrally by a 640-nm longpass dichroic, further filtered by a 640-nm long-pass emission filter (red/Alexa Fluor 647) and 640-nm short-pass emission filter (green/GFP) and passed through a custom dual-bandpass emission filter for simultaneous green/red imaging to further suppress non-Alexa Fluor 647/GFP signal. The images were recorded simultaneously, separated by spectra, and imaged on separate regions of the camera. A system calibration was performed using 100-nm TetraSpeck beads (Thermo Fisher Scientific) to experimentally record the emission point spread function of each color channel (green/GFP and red/Alexa Fluor 647) and to align the regions of the camera to a common coordinate system within the native SRX software (version 6.0). Data were recorded and exported in TIFF stacks using SRX, and further analyzed via Fiji.
For the determination of the oligomeric state of FGF2 at the plasma membrane, a modified Zeiss Axiovert 200M epifluores-cence microscope was employed. The microscope was equipped with a α Plan-Fluor 100×/1.46 oil objective (Zeiss), a Laser-TIRF 3 Imaging System (Zeiss), and an electron-multiplying chargecoupled device camera (iXon 897; Andor). Samples were illuminated using a 488 laser (Ichrome MLE-LFA multi laser; Toptica) for 150 ms with a delay time between frames of 50 ms (number of frames, 100) with an intensity varying between ∼0.1 and 0.4 kW/ cm 2 . At least 25 movies were collected per condition.
Image processing and trajectory acquisition Image processing was performed using Fiji (Schindelin et al., 2012) . Particles were identified and counted using the Fiji plugin TrackMate (Tinevez et al., 2017) . Using the Log detector, the position of each detected particle was identified in each frame, and trajectories were extracted. The particles were normalized to the cell surface area (µm 2 ). All representative images included in the manuscript were corrected for background fluorescence.
For quantification of plasma membrane-associated GFP particles, time-lapse TIRF videos were acquired. The total number of particles per frame was identified and quantified. Additionally, relative expression levels were quantified for each cell analyzed by measuring the mean intensity of GFP fluorescence at the first frame of each acquired image sequence using ImageJ. To achieve this, the frame of the cell was selected based on a bright-field image, and the mean fluorescence intensity of each cell was quantified. The number of GFP particles was initially normalized to the surface area of the corresponding cell and the expression levels, unless otherwise stated. For quantification of anti-GFP nanobody particles at the extracellular surface of fixed cells, TIRF images were acquired, and the total particles were identified and quantified using TrackMate and Fiji. Nanobody particles detected per cell were normalized to the cell surface area of the corresponding cell.
The detection of FGF2-GFP membrane translocation events at the plasma membrane was achieved by identifying colocalization of green and red particles using either the Fiji plugin ComDet (https:// github .com/ ekatrukha/ ComDet/ wiki) or by manual inspection. The detection parameters were set for both GFP and nanobody particles for detection of very dim particles with a particle size larger than 3 pixels. The maximum distance between colocalized particles was set to be 3 pixels. However, the plugin could not detect particles with high sensitivity, and therefore, the data were also analyzed manually for identification of translocation events. Fluorescence intensity of particles was counted after background correction and plotted over time. To quantify the kinetics of translocation, the time intervals between the appearance of FGF2-GFP particles within the evanescent field and nanobody binding at the cell surface were calculated (t (nb) − t (GFP) ). The distribution of observed time intervals was plotted using GraphPad Prism, and a bin width of 100 ms was applied. To determine the stability of GFP particles, the time interval of the persistence of GFP fluorescence in the evanescent field following nanobody disappearance was measured for all translocation events.
Determination of the oligomeric size distribution of FGF2-GFP by single particle brightness analysis To determine the stoichiometry of FGF2 at the plasma membrane of living cells, we performed experiments by TIRF microscopy.
Images acquired were used for a stoichiometry analysis based on the fluorescence intensity of particles using an in-house algorithm implemented in Python (Python Software Foundation). Bright spots were automatically detected using an implementation of the "Difference of Gaussians" method (http:// scikit -image .org/ docs/ dev/ api/ skimage .feature .html) and thresholding. Selected particles were defined by a region of interest (ROI) of a defined pixel size (2 × 2) and fitted to 2D Gaussians. Background subtraction was performed by defining a ROI around the particle's ROI having a larger pixel size (3 × 3). Localized particles were discarded based on the distance and on the width of the 2D Gaussian to avoid overlapping ROIs or multiple particles in the same ROI. This algorithm was used to determine the brightness value for each spot. Stoichiometry counting was performed using two different, independent approaches with (a) a ratiometric approach using oligomeric standards fused to sfGFP and (b) a brightness analysis using mGFP (EGFP-A206K) as a reference. Both GFP variants contained the A206K substitution to ensure that oligomerization of FGF2 would not be a result of GFP dimerization.
In the ratiometric approach (Fig. 5 , A-D), cells were expressing a fusion protein of FGF2 with sfGFP, and the fluorescence intensities of FGF2-sfGFP particles were compared with the fluorescence intensity values of standards with a known number of subunits (Coffman and Wu, 2012) . The obtained brightness values for the standards (12-, 24-, or 60-mer protein constructs) and for the FGF2-sfGFP (Fig. 5, A and B) were plotted as a Gaussian distribution, which allowed for calculating the mean value of each particle population. The mean fluorescence intensity values obtained with the standards from two independent experiments were used to generate a calibration curve (Fig. 5 D) . The slope of the calibration curve was calculated by linear fitting and corresponded to the fluorescence intensity value of a single sfGFP unit (Hsia et al., 2016) . Finally, the fluorescence intensity values of single FGF2-sfGFP particles were converted into molecular units by dividing them by the fluorescence intensity of the single sfGFP unit. Three independent experiments were conducted, with each of them consisting of the analysis of at least 30 cells. More than 3,000 individual particles were identified and analyzed for brightness per cell type.
For the brightness analysis (Fig. 5 , E and F), mGFP was employed for calibration. mGFP particles were selected by a photobleaching analysis after smoothing of the signal with a median filter. For this purpose, individual particles with a single photobleaching step were detected and used to build a histogram that was fitted to a Gaussian providing the mean intensity and SD for a single fluorophore. These values were used to calculate the theoretical values for higher oligomers (Schmidt et al., 1996) . Then, brightness values of particles of FGF2-mGFP were plotted as a probability density function or as a Gaussian distribution (Fig. 5 E) . Finally, the overall brightness distribution was fitted as a sum of four Gaussians imposing the theoretical mean and SD values, previously calculated for the different N-mers. The area under each curve of the multiple Gaussians was used to estimate the percentage of occurrence of each species. The single-particle analysis provides the number of labeled monomers in each analyzed particle. However, since only a fraction of FGF2-GFP fusion proteins is fluorescent, which is due to misfolding and maturation issues of mGFP (Ulbrich and Isacoff, 2007) , this number does not necessarily correspond to the real stoichiometry of the particle. For example, the monomer population is overestimated since it includes higher-order oligomers containing only one fluorescent molecule of mGFP. Therefore, correction for partial labeling efficiency was performed as previously described (Subburaj et al., 2015a) , considering a labeling efficiency for GFP of 70% (Ulbrich and Isacoff, 2007) . The distribution of species (Fig. 5 B) corresponds to the average values obtained from two independent experiments with at least 30 cells measured per experiment. A total of 6,845 particles were identified and analyzed for their brightness.
Validation of FGF2-mGFP dimers at the plasma membrane using step-wise photobleaching experiments Cells expressing FGF2-mGFP at levels that allow for single-particle detection were seeded on no. 1.5 glass coverslips and imaged on a custom single molecule setup at 37°C in live cell imaging buffer (phenol-red free DMEM, 25 mM Hepes, pH 7.0, 10% FBS, and 1% glutamate). Immediately before imaging, cells were treated with 0.008% saponin to remove cytosolic FGF2-mGFP and thereby reduce background fluorescence. Time series of 300 frames were acquired under TIRF illumination within 2 min of saponin addition. The image series were analyzed using ImageJ. The average intensity in a 5 × 5-pixel square centered on a bright spot was extracted and plotted.
Statistical analysis and model fitting
To estimate the typical time it takes for the nearest nanobody to reach the vicinity of FGF2-GFP on cell surfaces through Brownian motion, the mean nearest-neighbor distance between nanobodies was obtained as a function of their concentration (Chandrasekhar, 1943) . A solution to the Fokker-Planck equation in a spherically symmetric geometry containing an absorbing boundary was considered as the diffusion model (Goel and Richter-Dyn, 2013) . With the mean distance known, the survival probability and the first-hitting time distribution were calculated. The typical first-hitting time, i.e., the most probable time it takes for a particle to reach a target through diffusion, was numerically calculated based on these distributions. A Python code, using functions from the NumPy and SciPy packages, was developed for this purpose.
For numerical manipulation of the sampled waiting time data, implementing probability distributions, and testing proposed hypotheses, an in-house Python code was developed. Fitting proposed probability distributions to the empirical data was achieved through the well-established maximum likelihood estimation method (Millar, 2011) . For the one-step process, the maximum likelihood estimation simply prescribes matching the sample average to the expected waiting time of the exponential process. But for the two-step process, it requires solving a system of nonlinear equations arising from the more complicated probability distribution function. The Newton-Krylov Jacobian-free method (Knoll and Keyes, 2004) , implemented as part of the SciPy open-source software package, was used for obtaining numerical solutions that yielded expected waiting times. The probability plots used to examine the goodness of fit in the two cases (Fig. 4, G and H) were produced by the statistics module of the SciPy package and were plotted using the Matplotlib plotting library. The KolmogorovSmirnov test was also performed through the provided functions of the SciPy package to investigate how well a probability distribution function describes the set of our experimental observations, with the highest P value describing the best fit.
Sample sizes
The sample size of all experiments presented in this study is summarized in Table S1 .
For the experiments quantifying recruitment of FGF2-GFP versus GFP at the plasma membrane of CHO-K1 cells (Fig. 1 C) , a total of nine independent experiments were performed. For the cells expressing FGF2-GFP, 186 imaging fields with a total of 229 cells were analyzed. Likewise, for cells expressing GFP, 158 imaging fields with 220 cells were analyzed.
For the experiments comparing the secretion of FGF2-GFP with the GFP control in CHO-K1 cells (Fig. 1 E) , four independent experiments were performed. 43 images with 217 cells were analyzed for FGF2-GFP, and 39 images with 194 cells were analyzed for GFP-expressing cells.
For the experiment shown in Fig. 1 H, in which heparin was added to the medium to elute secreted FGF2-GFP from HSPGs, six independent experiments were performed. This analysis included a total of 64 imaging fields with 320 cells for mock-treated cells and 60 imaging fields with 306 cells for heparin-treated cells.
For the experiment shown in Fig. 1 K, in which heparin was added to the medium of cells followed by quantification of FGF2-GFP recruitment at the plasma membrane, a total of six independent experiments were performed. This analysis included 62 imaging fields with 212 cells for mock-treated cells and 59 imaging fields with 222 cells for heparin-treated cells.
To compare the recruitment of FGF2 at the plasma membrane under conditions with reduced levels of sulfated HSPGs (Fig. 2 B) , the following sample sizes were used: for CHO-K1 cells expressing FGF2-GFP, six independent experiments were performed, 127 images were acquired, and 159 cells were analyzed. For CHO-K1 cells expressing FGF2-GFP and treated with NaClO 3 , three independent experiments were performed, 57 images were acquired, and 70 cells were analyzed. For CHO-745 cells expressing FGF2-GFP, five independent experiments were performed, 93 images were acquired, and 153 cells were analyzed. Finally, the control (GFP-expressing CHO-K1 cells) was included in all six experiments, with 112 images and 150 cells analyzed.
For the experiments quantifying the secretion of FGF2 into the extracellular space under conditions characterized by reduced levels of sulfated HSPGs (Fig. 2 D) , the following sample sizes were used: for CHO-K1 cells expressing FGF2-GFP, eight independent experiments were performed, with 92 images and 465 cells analyzed. For CHO-K1 cells expressing FGF2-GFP and treated with NaClO 3 , three independent experiments were performed, with 35 images and 144 cells analyzed. For CHO-745 cells expressing FGF2-GFP, five independent experiments were performed, with 52 images and 235 cells analyzed. Finally, the control (GFP-expressing CHO-K1 cells) was included in four independent experiments with 39 images and 194 cells analyzed.
The sample size for experiments quantifying recruitment at the plasma membrane of FGF2-GFP after treatment with neomycin (Fig. 3 B) was based on a total of four independent experiments with 91 images and 112 cells analyzed. For CHO-K1 cells expressing FGF2-GFP and treated with neomycin, 70 images with 100 cells were analyzed. Finally, for control CHO-K1 cells expressing GFP, 72 images with 95 cells were analyzed.
Experiments quantifying the secretion efficiency of FGF2-GFP in the presence of different concentrations of neomycin (Fig. 3 D) were based on a total of three independent experiments. For CHO-K1 cells expressing FGF2-GFP, 39 images with 199 cells were analyzed. For CHO-K1 cells expressing FGF2-GFP and treated with 2 mM neomycin, 56 images with 239 cells were analyzed, and for cells treated with 5 mM neomycin, 43 images with 160 cells were analyzed. Finally, for cells treated with 10 mM neomycin, 35 images with 109 cells were analyzed.
Experiments comparing plasma membrane recruitment between the WT variant form of FGF2-GFP and a secretion deficient mutant FGF2-mt-GFP; Fig. 3 E) was based on a total of four independent experiments. For CHO-K1 cells expressing FGF2wt-GFP, 99 images with 143 cells were analyzed. For CHO-K1 cells expressing FGF2mt-GFP, 75 images with 116 cells were analyzed. In addition, CHO-K1 cells expressing GFP were included as a control, with 76 images and a total of 117 cells analyzed.
The quantification of secretion efficiency (Fig. 3 F) was based on three independent experiments. For CHO-K1 cells expressing FGF2wt-GFP, 34 images with 172 cells were analyzed. For CHO-K1 cells expressing FGF2mt-GFP, 31 imaging fields with 148 cells were analyzed. In addition, CHO-K1 cells expressing GFP were included with 29 imaging fields and 148 cells analyzed.
The analysis of the kinetics of FGF2 translocation across the plasma membrane was based on eight independent experiments. A total of 60 cells were analyzed for the identification of successful FGF2-GFP translocation events.
Finally, for the analysis of the oligomeric state of FGF2 at the plasma membrane, two different approaches were used. In the ratiometric approach, three independent experiments were performed with cells expressing FGF2-sfGFP. For the CHO-K1 cell line, 82 images were acquired and a total of 3,602 particles were analyzed. For the CHO-745 cell line, 105 images were acquired and 3,296 particles were analyzed. Similarly, for the brightness analysis, 68 images were acquired and 6,845 particles were analyzed in two independent experiments in CHO-745 cells expressing FGF2-mGFP. To validate the existence of FGF2-mGFP dimers at the plasma membrane, a step-wise photobleaching approach was used. For CHO-K1 cells, four experiments were performed during which a total of five cells was analyzed with 49 particles being identified, 3 of which were found to be in the form of a dimer. For the CHO-745 cells, 10 experiments were performed (in each experiment, one field was imaged) and 17 cells were analyzed. A total of 252 particles were identified, with 23 of them in the form of a dimer. Fig. S1 A shows representative examples of mobility measurements of FGF2-GFP at the plasma membrane. In Fig. S1 , B and C, representative images for mock-treated cells are shown that were taken at the beginning and the end of the analysis shown in Fig. 1 , G and H. Fig. S2 shows representative examples of full FGF2-GFP membrane translocation events. Video 1 shows time-lapse TIRF microscopy of CHO-K1 cells expressing FGF2-GFP. Video 2 shows the secreted population of FGF2-GFP on the cell surface of CHO-K1 cells expressing FGF2-GFP by single-particle live cell imaging. Video 3 shows a time-lapse video of FGF2-GFP-expressing CHO-K1 cells treated with heparin and labeled with anti-GFP nanobodies. Video 4 shows time-lapse TIRF microscopy of FGF2-GFP under conditions where heparan sulfate biosynthesis is impaired. Video 5 shows time-lapse imaging of a representative event of FGF2-GFP membrane recruitment and translocation to the cell surface of living cells using TIRF microscopy. Table S1 lists the sample sizes and results from all experiments documented in Figs. 1, 2, 3, 4 , and 5.
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